Nicotinic acetylcholine receptors (AChRs) are clustered at high density in the postsynaptic membranes of skeletal neuromuscular junctions and cholinergic interneuronal synapses. A cytoplasmic protein, rapsyn, is essential for AChR clustering in muscle. Here, we asked whether rapsyn mediates neuronal AChR clustering at cholinergic synapses in a mammalian sympathetic ganglion, the superior cervical ganglion (SCG). Several observations supported this possibility: (1) AChR clusters containing the ␣3-5 and ␤2 subunits, homologs of the muscle AChR subunits, are present at SCG synapses; (2) rapsyn RNA is readily detectable in the SCG; and (3) expression of recombinant rapsyn in heterologous cells induces aggregation of coexpressed neuronal AChR subunits. However, rapsyn protein was undetectable at ganglionic synaptic sites. Moreover, aggregates of neuronal AChRs induced in heterologous cells by full-length rapsyn remained intracellular, whereas rapsyninduced clusters of muscle AChRs reached the cell surface. Additional studies revealed a second rapsyn RNA species in SCG generated by alternative splicing and competent to encode a novel short rapsyn isoform. However, this isoform clustered neither neuronal nor muscle AChRs in heterologous cells. Most telling, the number, size, and density of AChR clusters in SCG did not differ significantly between neonatal mice bearing a targeted mutation of the rapsyn gene and littermate controls. Thus, rapsyn is dispensable for clustering of ganglionic neuronal nicotinic AChRs.
Nicotinic acetylcholine receptors (AChRs) are clustered at high density in the postsynaptic membranes of skeletal neuromuscular junctions and cholinergic interneuronal synapses. A cytoplasmic protein, rapsyn, is essential for AChR clustering in muscle. Here, we asked whether rapsyn mediates neuronal AChR clustering at cholinergic synapses in a mammalian sympathetic ganglion, the superior cervical ganglion (SCG). Several observations supported this possibility: (1) AChR clusters containing the ␣3-5 and ␤2 subunits, homologs of the muscle AChR subunits, are present at SCG synapses; (2) rapsyn RNA is readily detectable in the SCG; and (3) expression of recombinant rapsyn in heterologous cells induces aggregation of coexpressed neuronal AChR subunits. However, rapsyn protein was undetectable at ganglionic synaptic sites. Moreover, aggregates of neuronal AChRs induced in heterologous cells by full-length rapsyn remained intracellular, whereas rapsyninduced clusters of muscle AChRs reached the cell surface. Additional studies revealed a second rapsyn RNA species in SCG generated by alternative splicing and competent to encode a novel short rapsyn isoform. However, this isoform clustered neither neuronal nor muscle AChRs in heterologous cells. Most telling, the number, size, and density of AChR clusters in SCG did not differ significantly between neonatal mice bearing a targeted mutation of the rapsyn gene and littermate controls. Thus, rapsyn is dispensable for clustering of ganglionic neuronal nicotinic AChRs.
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Neurotransmitter receptors are clustered in the postsynaptic membrane at many, if not all, chemical synapses. The high density of receptors is crucial for synaptic f unction, and regulation of receptor density may underlie some forms of synaptic plasticity. Proteins have now been identified that interact with the cytoplasmic domains of various receptors and appear to play roles in the clustering process. These include gephyrin for glycinergic receptors (K irsch et al., 1996) , the PSD/SAP proteins (PSD95/SAP90, PSD93/chapsyn-110, SAP97, and SAP102) for NMDA-type glutamate receptors (Cho et al., 1992; K istner et al., 1993; Niethammer et al., 1996; Kornau et al., 1997) , Glutamate Receptor Interacting Protein (GRI P) for AM PA-type glutamate receptors (Dong et al., 1997) , Homer for metabotropic glutamate receptors (Brakeman et al., 1997) , and rapsyn for nicotinic acetylcholine receptors (AChRs) at the skeletal neuromuscular junction.
Rapsyn, on which we focus here, is a 43 kDa cytoplasmic protein that was originally identified by virtue of its close association with the AChRs of Torpedo electric organ (Sobel et al., 1977; Neubig et al., 1979) . Rapsyn is also codistributed with AChRs at the neuromuscular junction; rapsyn and AChRs appear together at the earliest stages of synaptogenesis and are present at 1:1 stoichiometry at adult synapses (Froehner et al., 1981; LaRochelle and Froehner, 1986; Noakes et al., 1993) . That rapsyn is sufficient to cluster AChRs was shown by coexpression of recombinant protein in nonmuscle cells: AChRs are diff usely distributed when expressed on their own but become aggregated into high-density clusters when coexpressed with rapsyn (Froehner et al., 1990; Phillips et al., 1991a) . That rapsyn is necessary for synaptogenesis was shown genetically in mice: no AChR clusters form at neuromuscular junctions of mice bearing a targeted mutation of the rapsyn gene, and homozygous mutants die of respiratory failure within a few hours of birth (Gautam et al., 1995) .
To date, no information is available on the mechanisms that induce clustering of nicotinic AChRs at interneuronal synapses. We have undertaken to address this issue at the relatively accessible synapse formed by autonomic preganglionic axons on sympathetic neurons in the superior cervical ganglion (SCG) of the mouse. Because neuronal and muscle nicotinic AChR subunits are similar in primary sequence (Lindstrom, 1996) , we began by testing the possibility that rapsyn might play a crucial role in neurons as it does in muscle. We show here that sympathetic neurons express RNAs encoding both full-length rapsyn and a novel shorter isoform generated by alternative splicing. Moreover, rapsyn can induce aggregation of neuronal AChRs coexpressed in heterologous cells. However, three lines of evidence indicate that rapsyn is not a critical mediator of AChR clustering at ganglionic synapses. First, rapsyn protein is undetectable at AChR clusters in the SCG. Second, although rapsyn formed clusters with both muscle and neuronal AChRs in heterologous cells, only the former were transported to the plasma membrane. Third, and most telling, both synaptic and nonsynaptic AChR clusters formed in SCGs of rapsyn-deficient mutant mice.
MATERIALS AND METHODS
Animals. Sympathetic ganglia, skeletal muscles, and brains were dissected from timed embryonic or postnatal mice. Mice bearing a targeted mutation of the rapsyn gene have been described previously (Gautam et al. 1995) and were maintained on a 129SV ϫ C57BL6 hybrid background. Homozygous mutants were readily identified because they died within a few hours of birth, but their genotype was confirmed by PCR. Littermates of the rapsyn mutants or wild-type C57BL6 (The Jackson Laboratory, Bar Harbor, M E) or ICR mice (Harlan Sprague Dawley, Indianapolis, I N) were used as controls.
Antibodies. Four rat monoclonal antibodies to AChR subunits were obtained from Jon Lindstrom (University of Pennsylvania) and from the Developmental Studies Hybridoma Bank (Iowa C ity, IA). Monoclonal antibody (mAb) 35 recognizes mouse AChR ␣ (␣1) subunit; mAb 210 recognizes mouse AChR ␣1 and ␣5 subunits; mAb 299 recognizes mouse AChR ␣4 subunit; and mAb 270 recognizes mouse AChR ␤2 subunit (Lindstrom, 1996) . T wo additional mouse monoclonal antibodies against ␣ subunits (mAb 398 and mAb 399; Chemicon, Temecula, CA) and a polyclonal antibody to ␣3 subunit (AChR ␣3; Santa Cruz Biotechnology, Santa Cruz, CA) were also tested but did not detectably stain SCG. Monoclonal antibody to the synaptic vesicle protein SV2 was a gift from Kathleen Buckley (Harvard Medical School, Boston, M A) (Buckley and Kelly, 1985) . mAb 7a to gephyrin was a gift from Heinrich Betz (MaxPlanck-Institute for Brain Research) (K irsch and Betz, 1993) . Affinitypurified rabbit anti-rapsyn polyclonal antibody 5943 and mouse antirapsyn mAb 1234 were described previously (Phillips et al., 1991b) . Rabbit antibodies to mouse laminin 1 and rat neural cell adhesion molecule (NCAM) were generated in our laboratory. Secondary antibodies included FI TC -goat anti-rat (Organon Teknika-C appel, West Chester, PA), C y3-goat anti-rat and C y3-goat anti-rabbit (Jackson ImmunoResearch, West Grove, PA), and FI TC -goat anti-mouse IgG1 and FI TC -goat anti-rabbit (Boehringer Mannheim, Indianapolis, I N).
Reverse transcription-PCR . Total RNA was extracted using the guanidinium -acid-phenol method (Chomczynski and Sacchi, 1987) . Poly(A ϩ ) RNA was isolated by a single passage over an oligo-dT-cellulose column. First-strand cDNA was synthesized using avian myeloblastosis virus reverse transcriptase (Promega, Madison, W I) and 10 g of total RNA or 2 g of poly(A ϩ ) RNA in a 50 l reaction. For amplification of rapsyn, a forward primer [J23; GGGCAGGACCAGACAAAGCAAC, nucleotides (nt) 110 -131] and a reverse primer (R5; CCGATGGATATCG-GCAAAGC, nt 858 -877) were designed. For better separation of the splicing form from the original rapsyn, a second forward primer was used (F2; GAGATGGGCCGC TACAAAGAGATGC T, nt 269 -294). The 50 l PCR mixture contained 5 l of first-strand cDNA from total RNA (or 1 l if synthesized from mRNA), 0.2 mM deoxynucleotide triphosphates, 10 mM Tris-HC l, pH 8.3, 50 mM KC l, 1.5 mM MgC l 2 , a 0.1 M concentration of each primer, and 1.25 U of Taq polymerase (Life Technologies, Gaithersburg, MD). The PCR was performed under the following conditions: 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min for 40 cycles, followed by a 10 min final extension at 72°C. PCR products were purified from 1% agarose gels, subcloned into pBluescript II SK ϩ (Stratagene, La Jolla, CA), and sequenced using the dideoxy terminator method and an automated sequencer.
E xpression vectors. The cDNAs for the rat neuronal nicotinic subunits were kindly provided by Dr. J. Patrick (Baylor College of Medicine, Houston, TX). Those for the ␣4 subunit (HYA23-1E; Goldman et al., 1987) and ␤2 subunit (PC X49; Deneris et al., 1988) were transferred to pcDNA3 (Invitrogen, San Diego, CA) for expression. Keith Isenberg (Washington University School of Medicine. St. L ouis, MO) kindly provided a construct containing the rat ␣3 subunit (PCA48E; Boulter et al., 1986) in pRc-C M V (Invitrogen). E xpression constructs encoding mouse muscle AChR ␣, ␤, ␥, and ␦ subunits and mouse rapsyn were described previously (Phillips et al., 1991a; Maimone and Merlie, 1993; Apel et al., 1995) . (We use generally accepted nomenclature and refer to the muscle subunits as ␣ and ␤ rather than ␣1 and ␤1.) An expression construct encoding a short form of rapsyn was generated by replacing the 450 bp BssHII-BstEII fragment of conventional rapsyn with the 291 bp BssHII-BstEII fragment from the short form that had been isolated by PCR, as described above.
Cell culture. For transfection, QT-6 fibroblasts [American T ype Culture Collection (ATCC), Manassas, VA] were plated onto 13-mmdiameter glass coverslips in 35 mm tissue culture dishes and cultured until 50% confluent. C ells were transfected using the calcium phosphate precipitation method (Chen and Okayama, 1987) . For each 35 mm dish, 2.5 g of each plasmid was used, and pBluescript II SK ϩ was added as necessary to bring the total amount of DNA to 12.5 g /35 mm dish to equalize transfection efficiency. C ells were stained 40 -48 hr after transfection. H EK293 cells (CRL -1573; ATCC) were transfected by electroporation with expression constructs for the rat ␣4 and ␤2 subunits. Transfected cells were selected in medium containing G418 (450 g /ml; Life Technologies). Drug-resistant cells were maintained in G418 and then repeatedly immunoselected (Chen et al., 1995) using mAb 270, which binds to an epitope on the extracellular surface of the ␤2 subunit . The cells we used had been selected sequentially eight times but had not been cloned. Membranes prepared from these cells bind cytisine with high affinity (apparent K d , 0.1 nM), and binding can be completely inhibited by nicotine (K . Burris and J. H. Steinbach, unpublished observations). Patch-clamp recordings demonstrate that the cells produce conductance increases to nicotinic agonists (acetylcholine, nicotine, and dimethylphenylpiperazinium) that can be blocked by dihydro-␤-erythroidine (K . Burris, K . Paradiso, and J. H. Steinbach, unpublished observations). For transient expression of rapsyn, H EK293 cells were transfected as described for QT-6 cells, except that the cells were plated on 0.1 mg /ml poly-L-lysine-coated coverslips.
PC12 cells were cultured in DM EM with 10% fetal calf serum, 5% horse serum, and 7% C O 2 . For neuronal differentiation, cells were treated with 50 ng /ml 2.5 S mouse NGF (a gift from Eugene Johnson, Washington University) for 7 d, and then RNA was extracted as described above.
Immunohistochemistr y. Tissues from mutant or control mice were embedded in Tissue-Tek OC T compound (Sakura Finetek USA, Torrance, CA), frozen in liquid nitrogen-cooled isopentane, and sectioned at 10 m in a cryostat. Sections were blocked with 2% BSA and 10% normal goat serum in PBS for 1 hr, incubated with primary antibody for 1-2 hr, rinsed, and then reincubated with secondary antibody for 1-2 hr. Stained sections were mounted in 90% glycerol with 0.1% p-phenylenediamine to retard fading.
Cultured cells on coverslips were fixed with 1% paraformaldehyde, 100 mM L-lysine, and 10 mM m-periodate in PBS paraformaldehyde-lysineperiodate (PL P) for 10 min at room temperature. For permeabilization, cells were fixed with PL P plus 0.1% saponin, incubated with 1% Triton X-100 in PBS for 10 min, blocked with 2% BSA and 10% normal goat serum in PBS, and stained as above.
RESULTS

AChR clusters at synaptic sites in mouse sympathetic ganglion
In muscle, nicotinic AChRs form high-density clusters in the postsynaptic membrane precisely beneath motor nerve terminals. Clustering of neuronal nicotinic AChRs has also been documented in chick and frog sympathetic ganglia (Jacob and Berg, 1983; Loring and Zigmond, 1987; Sargent and Pang, 1989; Sargent, 1995, 1996; Wilson and Sargent, 1996) but not, to our knowledge, in mammalian neurons. Accordingly, we began the present study by assessing the distribution of AChRs in mouse SCG.
Molecular and electrophysiological studies have provided evidence that rodent SCG expresses the neuronal AChR ␣3, ␣4, ␣5, ␣7, ␤2, and ␤4 subunits (Mandelzys et al., 1994 (Mandelzys et al., , 1995 Rust et al., 1994; McGehee and Role, 1995; Zoli et al., 1995) . We stained sections of mouse SCG with a panel of antibodies to these subunits (see Materials and Methods). Two antibodies, mAb 210 and mAb 270, stained small patches in the neuropil (Fig. 1a,b) . The patches were approximately circular, had sharp borders, were ϳ0.2-1.0 m in diameter, and were not stained when control antibodies or preimmune sera were substituted for anti-AChR (data not shown). mAb 270 recognizes the AChR ␤2 subunit in several species, and mAb 210 recognizes both ␣3 and ␣5 subunits of chicken and human AChR (Lindstrom, 1996) . However, the epitope to which it binds is not conserved in the rodent ␣3 subunit (Boulter et al., 1986; Lindstrom, 1996) , and mAb 210 did not recognize recombinant rat ␣3 (see below). In mouse SCG, therefore, it probably recognizes only the ␣5 subunit. Consistent with the finding that ganglionic neurons bear AChRs of subunit composition ␣3␤2 and ␣3␣5␤2 (Mandelzys et al., 1995) , staining by mAb 210 and mAb 270 was qualitatively similar but more intense with the latter.
To assess the spatial relationship of the AChR clusters to ganglion cells and nerve terminals, we performed a series of double-labeling experiments. First, we used an antibody to a synaptic vesicle protein, SV2, to mark presynaptic boutons. At least two-thirds of the mAb 270-and mAb 210-reactive puncta were directly apposed to SV2-rich boutons (Fig. 1aЈ,bЈ) . Therefore, the majority of AChR clusters in adult SCG are synaptic. On the other hand, some SV2-positive terminals were unaccompanied by mAb 270-or mAb 210-positive puncta; this may result either from glancing sections or from the predominance of other AChR subunits (e.g., ␣3 or ␤4) at some synapses. Second, we stained for laminin, a component of the basal laminae that surround Schwann and satellite cells, which in turn ensheathe somata and processes (Fig. 1cЈ,dЈ) . Doublelabeling with anti-laminin plus either mAb 270 or mAb 210 showed that most AChR-rich puncta were located in processrich regions, presumably dendritic bundles, rather than on somata (Fig. 1c, d) . Finally, we stained for NCAM, a neuronal adhesion molecule widely expressed in neuronal processes and cell -cell contacts. Again, double labeling showed that the Figure 1 . Distribution of AChRs in mouse SCG. Sections of P23-P25 SCG were double-stained with antibodies to neuronal AChR subunits (a-e) plus anti-SV2 (aЈ, bЈ, eЈ) or anti-laminin (cЈ, dЈ). Both anti-AChR ␤2 (mAb 270; a, c, e) and anti-AChR ␣5 (mAb 210; b, d) stained small discrete patches, most of which were associated with nerve terminals (aЈ, bЈ) and were clustered in the neuropil rather than on the surface of somata (cЈ, dЈ). The section in e and eЈ was from a ganglion that had been denervated 3 d earlier; SV2-positive nerve terminals had degenerated but AChR clusters persisted, demonstrating that most, if not all, AChRs are postsynaptic. Scale bar (in eЈ): a, b, 10 m; c-e, 20 m. majority of mAb 270-and mAb 210-positive puncta were in process-rich regions (data not shown).
In the brain, many AChRs are presynaptic (Swanson et al., 1987; Role and Berg, 1996) . Although double labeling with anti-SV2 and anti-AChR showed that ganglionic receptors were synapse-associated, this method was unable to distinguish presynaptic from postsynaptic sites. To distinguish these alternatives, we denervated the SCG in adult mice by cutting the cervical sympathetic trunk, waited 3 d for preganglionic terminals to degenerate, and then double stained with mAb 270 and anti-SV2. Although SV2 staining was nearly eliminated after denervation (Fig. 1eЈ) , mAb 270-positive clusters persisted (Fig. 1e) . Thus, ␤2-containing AChRs in SCG are predominantly postsynaptic.
Expression of rapsyn in sympathetic neurons
Using reverse transcription-PCR (RT-PCR), we readily detected rapsyn RNA in samples of total RNA prepared from SCG (Fig.  2a) . Transcript was also detected in brain, consistent with a recent report by Yang et al. (1997) . However, levels were extremely low compared with those in muscle and SCG, and detection required use of poly(A ϩ ) RNA as template (Fig. 2b) . Because most synapses in SCG, but only a small fraction of synapses in the brain, are cholinergic, this result supports the notion that rapsyn interacts selectively with neuronal AChRs at cholinergic synapses.
To ask whether rapsyn is expressed by neurons, we turned to the PC12 cell line. These cells were derived from a pheochromocytoma but stop dividing and acquire numerous features of sympathetic neurons when treated with NGF (Greene and Tischler, 1976) . The abundance of rapsyn RNA was at least as high in NGF-treated PC12 cells as in sympathetic ganglia (Fig. 2b) (data not shown). Thus, sympathetic neuron-like cells and, by implication, sympathetic neurons express rapsyn.
We attempted to detect additional genes related to rapsyn using degenerate PCR with a variety of primers but obtained no evidence for homologs. Likewise, no vertebrate rapsyn-like sequences other than rapsyn itself were present in public databases as of March 1998. However, RT-PCR with both degenerate and specific primers generated an additional product ϳ150 bp smaller than the predicted size. With the primers used in Figure 2 a, for example, the known sequence predicted a product of 609 bp, but products of ϳ600 and ϳ450 bp were detected. Likewise, the , and brain (lane 3) using a second set of rapsyn-specific primers designed to amplify a 768 nt segment. L ow levels of rapsyn RNA were detected in the brain sample, and relatively high levels were detected in PC12 cells. As in a, a band ϳ150 nt smaller than the predicted band was also amplified. c, Part of the sequence of the 450 nt band from a, lane 2 (bottom line), aligned with sequence of f ull-length rapsyn (top line). The shorter band encodes a protein that lacks a 53-amino acid segment. d, The short form of rapsyn is likely to be generated from an alternatively spliced mRNA that lacks exon 3. Top, structure of the rapsyn gene, from Gautam et al. (1994) . Bottom, The alternatively spliced RNA that encodes the short form.
primers used in Figure 2b generated not only the predicted 768 bp band but also a band of ϳ600 bp. Although we did not quantitate the levels of the two products, the smaller product was nearly as abundant as the larger product in RNA from SCG or PC12 cells but much less abundant in muscle RNA. We therefore cloned the smaller product. Sequencing of 12 independent clones revealed a single product that was identical to rapsyn at both ends and was therefore derived from the rapsyn gene (Fig. 2c) . Its short size reflected the deletion of a single block of 159 nt from the fulllength RNA. Analysis of genomic structure (Gautam et al., 1994) indicated that the deleted sequences corresponded exactly to exon 3 of the rapsyn gene (Fig. 2d) . Deletion of this exon maintains the open reading frame. Thus, it is likely that the rapsyn gene is alternatively spliced and that alternative splicing is subject to tissue-specific regulation.
Although rapsyn RNA was readily detectable in SCG and PC12 cells, we were unable to detect the cognate protein using either monoclonal or affinity-purified polyclonal antibodies to rapsyn. Both antibodies stained skeletal neuromuscular junctions intensely (Fig. 3b,c) , and both recognized epitopes outside of the segment deleted in the short rapsyn isoform (see below). However, no signal above background was detectable in sections of adult or neonatal SCG stained with either antibody (Fig. 3e, f ) . Moreover, neither antibody stained PC12 cells detectably (data not shown). One possible explanation for this failure is that AChRs are less densely clustered at ganglionic than at neuromuscular synapses; if rapsyn were equimolar with AChR in ganglia as it is at neuromuscular junctions (LaRochelle and Froehner, 1986) , then it might be difficult to detect in the former. To test this possibility, we used conditions in which (1) anti-rapsyn fluorescence was as bright as anti-AChR fluorescence in muscle, and (2) AChR clusters were clearly detectable in both muscle and ganglia. Even when both tissues were stained in parallel under these conditions, no rapsyn was detectable in ganglia (Fig. 3) . Thus, even if rapsyn is present in SCG, the mole ratio of rapsyn/AChR is far lower at ganglionic synapses than at neuromuscular junctions.
Interaction of rapsyn and AChRs in heterologous cells
The ability of rapsyn to cluster muscle AChRs was initially demonstrated by coexpression in heterologous cells (Froehner et al., 1990; Phillips et al., 1991a) . Here, we used QT-6 fibroblasts to test whether rapsyn interacts with neuronal AChRs. A major advantage of this cell type is that transfection efficiency is routinely Ͼ50%.
First, we transfected QT-6 cells with expression vectors encoding AChR subunits and then stained nonpermeabilized cells with subunit-specific antibodies to AChRs. When only a single subunit (␣4 or ␤2) was transfected, no staining was visible on the surface of the transfected cells (Fig. 4a) (data not shown) . In contrast, cotransfection of ␤2 with either ␣3 or ␣4 resulted in significant surface expression of receptors (Fig. 4b,c) . To test the possibility that failure to detect surface-associated single subunits reflected failure of expression, we stained permeabilized cells and showed that single subunits and pairs of subunits were expressed at similar levels ( Fig. 4e-g ). Thus, consistent with results from biochemical studies (Wang et al., 1996) , these data suggest that assembly of appropriate multimers is necessary for the surface appearance of neuronal AChRs.
Next, we cotransfected neuronal AChR subunits (␣4 or ␤2) or pairs of subunits (␣3 plus ␤2 or ␣4 plus ␤2) with rapsyn and then stained unpermeabilized cells to assess the distribution of surface , d) , plus either polyclonal antibodies to the N terminus of rapsyn (b, e) or a monoclonal antibody to the C terminus of rapsyn (c, f ). Concentrations were adjusted so that staining was more intense by anti-rapsyn than by anti-AChR in muscle. Although muscle and SCG were stained under identical conditions, no staining by anti-rapsyn was detectable in SCG. Thus, if rapsyn is present at synaptic sites in SCG, it is not present at the 1:1 ratio with AChRs found in muscle. Because mAb 210 stains all AChRs in muscle but only a subset of AChRs in SCG, the difference in the AChR / rapsyn ratio between the two tissues is even greater than it appears to be in these micro- AChRs. No AChR clusters appeared on the surface of the cotransfected cells. Instead, levels of surface AChRs were lower in the presence of rapsyn than in their absence (Fig. 4i-k) . Surprisingly, however, when cells were permeabilized before staining, clusters of AChRs were readily detectable in ϳ50% of all cells (Fig. 4m-o) , and these clusters were precisely colocalized with high-density aggregates of rapsyn (Fig. 4mЈ-oЈ) . Thus, although rapsyn can interact with neuronal AChRs, rapsyn-induced aggregates are trapped intracellularly.
These results differed greatly from those previously reported for rapsyn-clustered muscle AChRs that reach the cell surface in heterologous cells (Froehner et al., 1990; Phillips et al., 1991a; Brennan et al., 1992; Maimone and Merlie, 1993; Ramarao and Cohen, 1997) as they do in muscle. We therefore repeated the transfections in QT-6 cells using expression vectors encoding the muscle ␣, ␤, ␥, and ␦ AChR subunits. As expected, muscle AChRs were diff usely distributed on the surface of QT-6 cells in the absence of rapsyn (Fig. 4d) and formed high-density surface clusters in the presence of rapsyn (Fig. 4l ) . It appeared that some rapsyn-induced muscle AChR clusters remained intracellular because there were generally more clusters per cell and more cluster-bearing cells in cultures stained after permeabilization than in cultures stained without permeabilization (Fig. 4l, p) . Nonetheless, the difference in behavior between muscle and neuronal AChRs was qualitative and clear-cut; numerous rapsyninduced clusters of muscle AChRs appeared on the cell surface, whereas rapsyn-induced clusters of neuronal AChRs were always intracellular.
As an additional control, we expressed rapsyn in a clone of HEK293 cells that had been stably transfected with the AChR ␣4 and ␤2 subunits. Ramarao and Cohen (1997) have shown that muscle AChRs expressed alone are diffusely distributed on the surface of these cells, whereas cotransfection with rapsyn leads to formation of AChR clusters on the cell surface. In the ␣4 plus ␤2-expressing cell line, functional receptors were detectable on the cell surface by electrophysiological methods (data not shown), and antibodies to either the ␣4 or ␤2 subunits stained the cell surface diffusely (Fig. 5a,b) . As in QT-6 cells, expression of h, l, p) subunits, either without (a-h) or with (i-p) an expression vector encoding mouse rapsyn. T wo days later, the cultures were stained with antibodies to the AChR ␤2 (a-c, e-g, i-k, m-o) or ␣ subunit (d, h, l, p) , either without (NP) or after permeabilization ( P) to reveal cell surface or all AChRs, respectively. Cultures in m-p were double-stained with anti-rapsyn (mЈ-pЈ). Rapsyn induces clustering of muscle and neuronal receptors, but clusters of neuronal AChRs are retained intracellularly. Scale bar, 10 m.
rapsyn along with ␣4 plus ␤2 led to formation of intracellular AChR-rapsyn aggregates but not to surface-associated aggregates (Fig. 5c ,cЈ) (data not shown). Thus, the differing ability of rapsyn to cluster surface-associated muscle and neuronal AChRs is not peculiar to avian cells (because H EK 293 cells are of human origin), to fibroblasts (because H EK 293 cells are epithelial), or to transiently expressed AChRs.
Finally, we considered the possibility that the short form of rapsyn found in SCG might interact with neuronal AChRs. This seemed plausible because the deletion of exon 3 (Fig. 2) leaves intact both N-terminal sequences necessary for self-aggregation of rapsyn and C -terminal sequences necessary for interaction of rapsyn with muscle AChRs in H EK293 cells (Ramarao and Cohen, 1997) . We therefore constructed an expression vector that encoded the short form and tested it in QT-6 cells. Unlike the full-length rapsyn, the short-rapsyn isoform did not form aggregates on its own and did not induce surface-associated or intracellular clusters of either muscle (␣␤␥␦) or neuronal (␣3 plus ␤2 or ␣4 plus ␤2) AChRs (Fig. 6) .
Clustering of ganglionic AChRs in the absence of rapsyn
As a genetic test of whether neuronal AChR clustering requires rapsyn, we examined SCG from rapsyn-deficient mutant mice. Because homozygous rapsyn mutant mice die at postnatal day 0 (P0) (Gautam et al., 1995) , we first stained SCG from control neonates with mAb 210 and mAb 270, which revealed ␣5-and ␤2-containing AChR clusters in older mice (see above). AChR clusters were present by P0, although they were both fewer in number and smaller in size than those seen at P20 (compare Figs.  1, 7a,c) . Moreover, double staining with SV2 revealed that many AChR clusters were not apposed to SV2-positive nerve terminals at P0 (Fig. 7aЈ,cЈ) .
Qualitatively AChR clusters in rapsyn Ϫ/Ϫ SCG resembled those in littermate controls. C lusters were stained by mAb 210 and mAb 270, indicating that both ␣5-and ␤2-containing AChRs were present (Fig. 7b,d ). Double staining with anti-SV2 showed that synaptic and extrasynaptic clusters were present in mutants (Fig. 7bЈ,dЈ) . Neither the intensity of staining nor the size of clusters differed noticeably between mutant homozygotes and littermates. We also counted mAb 210-and mAb 270-positive clusters in sections. As shown in Figure 7e , the number of mAb 210-and mAb 270-positive clusters was similar in mutants and controls. Thus, rapsyn does not greatly affect the size, location, density, or number of AChR clusters in the SCG.
Gephyrin in SCG
AChR subunits are distantly related to subunits of glycine and GABA A receptors. The cytoplasmic protein gephyrin has been implicated in clustering of these receptors (Kirsch et al., 1995 (Kirsch et al., , 1996 . Recently, Yang et al. (1997) showed that rapsyn, which has no significant homology to gephyrin, can cluster GABA A receptors in QT-6 cells. In light of these results, the persistence of neuronal AChR clustering in rapsyn Ϫ/Ϫ mice raised the possibility that gephyrin might be involved in clustering ganglionic AChRs. We therefore used a well characterized monoclonal antibody (Kirsch and Betz, 1993; Kirsch et al., 1995) to assess the distribution of gephyrin in SCG. As previously described, this antibody stains synapse-like puncta in the brain (Fig. 8a) . However, we detected no significant staining in embryonic day 18 (E18) SCG of mutant or control mice (Fig. 8b,c) , nor did we detect any signal in adult SCG (data not shown).
DISCUSSION
We have initiated a study of interneuronal synaptogenesis in the mouse SCG. This preparation is advantageous for several reasons. First, the synapse made by autonomic preganglionic axons on ganglionic neurons is relatively accessible to molecular, physiological, and structural analyses. Second, it comprises the vast majority of all synapses in the ganglion, making it straightforward to correlate structural, functional, and molecular results. Third, the structure, function, and development of this synapse have been studied in detail, so a great deal of background information is available. Fourth, and perhaps most important, the ganglionic synapse resembles the best studied of all synapses, the skeletal neuromuscular junction, in several respects: (1) both are cholinergic; (2) autonomic preganglionic neurons are clonally and molecularly related to skeletal motoneurons (Leber et al., 1990; Tsuchida et al., 1994) ; and (3) the nicotinic AChRs of the SCGs are similar in sequence and biophysical properties to the AChRs of the neuromuscular junction (Lindstrom, 1996) . Thus, knowledge derived from studies of the neuromuscular junction may be more directly applicable to synapses in the SCG than to the predominantly noncholinergic synapses of the brain. Finally, the choice of mouse permits us to make use of molecular genetic approaches, beginning with the impressive number of mutant and transgenic strains already available (Sanes, 1997) .
Here, we have focused on the clustering of neuronal nicotinic AChRs in the membrane of SCG neurons. Eleven neuronal nicotinic AChR subunits have been identified to date (␣2-9 and ␤2-4; Lindstrom, 1996) , of which at least six are expressed in rodent sympathetic ganglia: ␣3-5, ␣7, ␤2, and ␤4 (Rust et al., 1994; Z oli et al., 1995) . C lusters of AChRs have been described in autonomic ganglia of frogs and chicks (Jacob and Berg, 1983; Loring and Z igmond, 1987; Sargent and Pang, 1989; Sargent, 1995, 1996; Wilson and Sargent, 1996) , so we anticipated that at least some subunits would be clustered at synaptic sites in mouse SCG. Using monoclonal antibodies, we showed that ␣5-and ␤2-containing AChRs are concentrated at postsynaptic sites in the mature SCG. Based on physiological studies, we expect that the ganglionic AChRs are heterogeneous and include pentamers in which ␣3, ␣4, and ␣5 subunits are combined with ␤2 and/or ␤4 (Mandelzys et al., 1994 (Mandelzys et al., , 1995 . Unfortunately, antibodies that reacted with mouse ␣3, ␣4, or ␤4 subunits were not available to assess the f ull complement of ganglionic AChRs. (Note that the anti-␣4 antibody used in Fig. 5 did not stain sections.) Our results also showed that some synaptic AChR clusters were present in perinatal SCG, consistent with earlier electrophysiological and electron microscopic studies (Smolen and Raisman, 1980; Rubin, 1985) . Interestingly, some clusters were not obviously associated with nerve terminals at this stage. Additional studies will be required to determine whether nonsynaptic AChR clusters are eventually lost or whether they become innervated.
Having shown that synaptic AChR clusters are present in the SCG, we asked whether rapsyn was involved in clustering. As noted in the introductory remarks, rapsyn is both necessary and sufficient for clustering of AChRs at the neuromuscular junction. Rapsyn was originally thought to be restricted to muscle and electric organ, but lower levels of expression were reported in other tissues by Musil et al. (1989) . Recently, Burns et al. (1997) and Yang et al. (1977) documented the presence of rapsyn RNA in avian ciliary ganglion and mouse brain, respectively, and suggested that rapsyn may be involved in neuronal synaptogenesis. Moreover, we found that rapsyn RNA was more abundant in the SCG than in brain as a whole, that a novel isoform of rapsyn RNA was selectively expressed in ganglia, and that rapsyn can induce clustering of neuronal AChRs in heterologous cells. However, three lines of evidence suggest that rapsyn is not, in fact, crucial for clustering of ganglionic AChRs.
First, although rapsyn RNA is readily detectable in SCG, we were unable to detect rapsyn protein in these ganglia. Initially, this was unsurprising; levels of rapsyn are low even in muscle, and AChR density is considerably lower at interneuronal than at neuromuscular synapses. Thus, low levels of ganglionic rapsyn might be difficult to detect. However, we were able to ask whether rapsyn and AChRs are present at a 1:1 ratio at synaptic sites in ganglia, as they are in muscle (LaRochelle and Froehner, 1986) . To this end, we stained muscle and SCG under identical conditions, adjusted so that anti-rapsyn and anti-AChR generated equally bright signals in muscle. Under these conditions AChR clusters were clearly visible in the SCG, but rapsyn remained undetectable. From this result we conclude that if rapsyn is present at ganglionic synapses, it interacts with AChRs in a different way than it does in muscle.
Second, although rapsyn can aggregate both muscle and neuronal AChRs in heterologous cells, only muscle AChRcontaining clusters are transported to the plasma membrane. Figure 6 . The short isoform of rapsyn cannot cluster AChRs. QT-6 cells were transiently transfected with an expression vector encoding the short form of rapsyn shown in Figure 2c , in addition to AChR ␣ plus ␤ plus ␥ plus ␦ ( a), ␣3 plus ␤2 (b), or ␣4 plus ␤2 (c) subunits. T wo days later, cells were permeabilized and stained with anti-AChR (a-c) plus anti-rapsyn (aЈ-cЈ). Antibodies to both the C terminus (aЈ-cЈ) and N terminus (data not shown) (Fig. 3) recognized the short isoform. Both AChRs and the short form of rapsyn were diff usely distributed. Scale bar, 10 m. Several groups have demonstrated that rapsyn can cluster muscle AChRs in a variety of nonmuscle cells (Xenopus oocytes, Froehner et al., 1990; QT-6, Phillips et al., 1991a,b; C OS cells, Brennan et al., 1992; H EK293 cells, Ramaroa and Cohen, 1997) , and in each case, labeling of live cells has shown that at least some clusters reach the cell surface. Here, we have shown that rapsyn can cluster neuronal and muscle AChRs to a similar extent. In both QT-6 and H EK293 cells, however, the aggregates of neuronal AChRs are retained intracellularly. Thus, we suspect, but have not proven, that rapsyn interacts differently with muscle and neuronal AChRs, aggregating both but permitting only the former to reach the cell surface. Although the mechanistic basis for this difference awaits a better understanding of how rapsyn interacts with muscle AChRs, one possibility is that surface clustering of receptors by rapsyn involves two separable steps: aggregation with rapsyn intracellularly followed by export of the rapsyn -receptor complex to the cell surface. If this is so, then it might be that requirements for the second step (export) are more stringent than those for the first (aggregation), with both neuronal and muscle AChRs meeting the criteria for the first interaction but only muscle AChRs meeting the criteria for the second. Indeed, clustering and externalization have been shown to be separable processes for glycine and GABA A receptors (Kirch et al., 1995; Wan et al., 1997) . In this light, it will be interesting to use chimeras between muscle and neuronal AChRs to dissect rapsyn -AChR interactions.
The final and most important piece of evidence that rapsyn is dispensable for neuronal AChR clustering came from the study of rapsyn-deficient mice. No AChR clusters have been detected in muscle of rapsyn Ϫ/Ϫ mice or in myotubes cultured from the mutants (Gautam et al., 1995; Apel et al., 1997) . In contrast, neuronal AChR clusters are normal in size, shape, and number in rapsyn Ϫ/Ϫ SCG. Because rapsyn Ϫ/Ϫ mice die within a few hours of birth, it remains possible that rapsyn plays a role in the maturation or maintenance of ganglionic synapses. However, it seems highly likely that other molecules, f unctional if not structural homologs of rapsyn, are required for the initial clustering of AChRs at ganglionic synapses. Recent discoveries of such molecules at glutamatergic and glycinergic synapses (see introductory remarks) suggest strategies for seeking their counterparts in the SCG. 
